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Fast myosin light chainates are typically composed of slow- and fast-twitch ﬁbers that differ in their
morphology, gene expression proﬁles, contraction speeds, metabolic properties and patterns of innervation.
During myogenesis, how muscle precursors are induced to mature into distinct slow- or fast-twitch ﬁber-
types is inadequately understood. We have previously shown that within the somites of the zebraﬁsh
embryo, the activity of the zinc ﬁnger and SET domain-containing transcriptional regulator Blimp1 is
essential for the speciﬁcation of slow muscle ﬁbers. Here, we have investigated the mechanism by which
Blimp1 programs myoblasts to adopt the slow-twitch ﬁber fate. In slow myoblasts, expression of the Blimp1
protein is transient, and precedes the expression of slow muscle-speciﬁc differentiation genes. We
demonstrate that the competence of somitic myoblasts to commit to the slow lineage in response to Blimp1
changes as a function of developmental time. Furthermore, we provide evidence that mammalian Blimp1 can
recapitulate the slow myogenic program in zebraﬁsh, suggesting that zebraﬁsh Blimp1 can recognize the
same consensus DNA sequence that is bound by the mammalian protein. Finally, we show that zebraﬁsh
Blimp1 can repress the expression of fast muscle-speciﬁc myosin light chain, mylz2, through direct binding
near the promoter of this gene, indicating that an important function of the transcriptional activity of Blimp1
in slowmuscle development is the suppression of fast muscle-speciﬁc gene expression. Taken together, these
ﬁndings provide new insights into the molecular basis of vertebrate muscle ﬁber-type speciﬁcation, and
underscore Blimp1 as the central determinant of this process.
© 2008 Elsevier Inc. All rights reserved.IntroductionDuring embryogenesis, multipotent precursors progressively get
committed to give rise to cell lineages that contribute to a variety of
differentiated tissues. Studies of skeletal muscle development have
been particularly inﬂuential in advancing our understanding of this
process. Manipulation of myoblast differentiation in vitro, as well as
genetic analysis of myogenesis in mice, has provided us with a
considerable amount of information regarding the speciﬁcation and
differentiation of the myogenic lineage (Pownall et al., 2002). Despite
these advancements, we know little about how precursor cells within
the myogenic lineage diversify and differentiate into muscle ﬁber-
types with distinct identities. For instance, it has long been recognized
that adult vertebrate skeletal muscle ﬁbers can broadly be classiﬁed as
either slow-twitch or fast-twitch (Pette and Staron, 1997). The
diversiﬁcation of myoblasts into slow- and fast-twitch types can also
be observed during early development, where they set up the patternnd Cell Biology, Cancer and
olis Drive, Singapore 138673,
l rights reserved.of the ﬁrst muscle ﬁbers within the embryo (Crow and Stockdale,
1986). A number of very elegant studies on precursors of avian limb
muscles in culture, as well as transplantation experiments in vivo, have
suggested that embryonic myoblasts are intrinsically committed to
differentiate intomuscle ﬁbers with speciﬁc contractile properties (for
example, see DiMario et al., 1993; Van Swearingen and Lance-Jones,
1995). However, studies of mammalian myoblasts have shown that
during post-natal development, the differentiation pattern of muscle
ﬁbers is instructed by extrinsic signals and is independent of cell
lineage (Hughes and Blau, 1992). Similarly, adult mammalian muscle
ﬁber-type composition is also profoundly inﬂuenced by extrinsic cues.
In rodents, signaling by the calcium–calcineurin pathway is a critical
regulator of ﬁber-type diversity within individual muscles in response
to physiological stimuli and motor nerve activity (Bassel-Duby and
Olson, 2006). In contrast to the calcium–calcineurin mediated ﬁber-
type plasticity in the adult, it is less clear how embryonic myoblasts
differentiate into muscle cells with distinct contractile properties.
Within the developing somites of the zebraﬁsh, two distinct kinds
of muscle precursor cells differentiate into slow- and fast-twitch
ﬁbers. Myoblasts committed to the slow ﬁber-type, the adaxial cells,
are initially located deep within the somite, closely juxtaposed to
midline tissues (notochord and ventral neural tube) (Devoto et al.,
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medial positions and migrate radially outwards to mature as
mononucleate ﬁbers on the surface of the myotome (Devoto et al.,
1996; Roy et al., 2001; Cortes et al., 2003). All slow-twitch ﬁbers
express the slow isoform of myosin heavy chain (MyHC) as well as the
homeodomain-containing transcription factor Prox1. A small number
of the slow muscle precursors in every somite remain in their original
medial location beside the notochord and differentiate into muscle
pioneer (MP) cells; these ﬁbers, in addition to expressing slow MyHC
and Prox1, also express high levels of the Engrailed homeodomain
proteins. After the differentiation program of the slow muscle cells is
underway, myoblasts committed to the fast-twitch fate fuse with each
other and mature into arrays of syncytial ﬁbers that ultimately
constitute the bulk of the myotome (Roy et al., 2001; Groves et al.,
2005; Hamade et al., 2006; Srinivas et al., 2007; Moore et al., 2007).
Thus, unlike the complex myotome of amniote embryos, the relative
simplicity of cell lineages within the zebraﬁsh myotome provides an
attractive system to dissect the genetic pathways that specify the fates
of the distinct muscle cell-types. Loss-of-function mutations in the
Hedgehog (Hh) signaling pathway compromise or completely elim-
inate the speciﬁcation of slow myoblasts (Lewis et al., 1999; Barresi et
al., 2000). This is consistent with the physical proximity of the
presumptive slow muscle precursors to the midline tissues, which are
the source of Hh signals in the early embryo. Conversely, somitic cells
located in a more lateral position away from the midline, which
normally adopt the alternative fast-twitch fate, can be transfated into
slow-twitch muscles when exposed to ectopic Hh signaling (Ham-
merschmidt et al., 1996; Du et al., 1997; Blagden et al., 1997).
We have previously shown that a mutation in the zebraﬁsh u-boot
(ubo) locus affects the acquisition of slow-twitch muscle ﬁber identity
(Roy et al., 2001). In ubo mutants, slow myoblasts are unable to
properly activate slow muscle-speciﬁc differentiation genes, show
defects in their migration, and aberrantly transfate into fast myoblasts
that fuse to make syncytial ﬁbers. Positional cloning of ubo revealed
that it encodes the zebraﬁsh homolog of the mammalian B-cell
transcriptional repressor Blimp1 (also called Prdm1), that is induced in
the precursors of the slow muscles by Hh signaling (Baxendale et al.,
2004). In mammals, multiple functions have been assigned to Blimp1
in the regulation of embryonic development anddifferentiation of cells
in the immune system. Notably, its roles in transcriptional regulation
during the maturation of B lymphocytes and the speciﬁcation of germ
cells have been well documented (Calame et al., 2003; Hayashi et al.,
2007). In our earlier studies, we were able to demonstrate that in the
zebraﬁsh embryo, Blimp1 is not just required for the speciﬁcation of
slowmuscle fate, but it also has the attributes of a slowmuscle “master
regulator” — its activity being sufﬁcient for the acquisition of slow
muscle identity (Roy et al., 2001; Baxendale et al., 2004). While the
discovery of such a ﬁber-type fate switch as Blimp1 has provided us
with the ﬁrst molecular handle on the genetic control of muscle ﬁber-
type diversiﬁcation in the vertebrate embryo, it remains to be further
established how the transcriptional activity of the protein mediates
this effect on lineage diversiﬁcation in muscle development.
Using newly developed reagents, such as an anti-Blimp1 antibody
and a stable transgenic ﬁsh strain that expresses Blimp1 in response to
heat induction, we have begun to elucidate the molecular function of
Blimp1 in the speciﬁcation of the slow muscle fate. Our results allow
us to propose that myogenic cells within the somites possess a ﬁnite
window of competence to respond to Blimp1 activation and switch on
the slow muscle-speciﬁc differentiation program. Moreover, we have
identiﬁed a direct target gene of Blimp1 in themyogenic program, and
gathered evidence that the zebraﬁsh Blimp1 protein directly regulates
muscle-speciﬁc target gene expression through the same consensus
binding site that is utilized by its mammalian homolog in the context
of B-cell maturation. These, and the other data that we present here,
together, extend our understanding of the transcriptional control of
muscle ﬁber fate determination in the vertebrate embryo.Materials and methods
Zebraﬁsh strains and husbandry
Wild-type zebraﬁsh used in this study are of the AB strain. Mutant
and transgenic strains smuhi1640 (Chen et al., 2001) and ubotp39 (van
Eeden et al., 1996; Roy et al., 2001), Tg(actin::gfp) (Higashijima et al.,
1997) and Tg(shh::gfp) (Ertzer et al., 2007), have been described
previously. All ﬁsh strains were maintained according to established
zebraﬁsh husbandry procedures. The stable transgenic line Tg(hs::
blimp1) was generated through microinjection of approximately 1–
2 nl of the linearized 5.5 kb hs::blimp1 DNA fragment (zebraﬁsh
blimp1 cDNA placed under the control of the heat-inducible zebraﬁsh
hsp70 promoter) into fertilized zebraﬁsh eggs at a concentration of
50 ng/μl. Upon sexual maturation, the F0 pool of founder ﬁsh were in-
crossed to produce F1 embryos that were screened for transmission of
the transgene by monitoring induction of GFP expression (from an
IRES-gfp cassette included in the transgene) after heat shock (38 °C
for 1 h). The GFP positive embryos from an individual F0 transgenic
ﬁsh were raised to establish stable lines.
Transgene constructs, morpholino oligonucleotides and synthetic mRNA
The mouse Blimp1 (kind gift of K. Calame) and the zebraﬁsh blimp1
cDNAs were cloned into the phspIG plasmid vector under the control
of the zebraﬁsh hsp70 promoter. The cDNAs were engineered to
encode Blimp1 proteins tagged C-terminally with haemagglutinin
(HA). Transient mis-expression of the heat shock transgenes were
performed by incubating the injected embryos (injectedwith of 1–2 nl
of ∼15 ng/μl of each of the linearized transgenes) at speciﬁc
developmental stages in a 38 °C water bath for 1 h. Following heat
shock, the embryos were further cultured at 28 °C until the prim 6
stage, and then ﬁxed for antibody labeling or in situ hybridization.
Translation start site-targeted morpholino oligonucleotides (MOs)
against the zebraﬁsh myoD and myf5 genes were purchased from
Gene Tools LLC (Philomath, USA). Around 1 nl of MO solution
(dissolved in water at a concentration of 300 μM) was injected into
each embryo. The sequences of the MOs used in this study are as
follows:
myoD MO 5′-GTTTTTTCTACCTCAACAGCCTATA-3′
myf5 MO 5′-TACGTCCATGATTGGTTTGGTGTTG-3′.
The splice inhibitory morpholino against the blimp1 gene has been
described previously (Baxendale et al., 2004; Roy and Ng, 2004; Lee
and Roy, 2006). To activate ectopic Hh signaling, in vitro synthesized
dominant negative Protein Kinase A mRNAwas injected into zebraﬁsh
embryos as described previously (Concordet et al., 1996).
Chromatin immunoprecipitation
We performed chromatin immunoprecipitation (ChIP) based on
the protocol described in (Wardle et al., 2006) with modiﬁcations as
follows: fertilized zebraﬁsh embryos were injected with the linearized
plasmid encoding zebraﬁsh Blimp1HA under the control of the heat
shock promoter (hs::blimp1HA), and administered a 1 h 38 °C heat
pulse at 12 hpf. The embryos were allowed to develop for another 3 h
before they were manually dechorionated and ﬁxed for 15 min with
1.9% (w/w) formaldehyde solution at room temperature. This cross
linking reaction was stopped by adding 125 mM glycine (pH 5.2) for
5 min at room temperature. The embryos were rinsed thrice with ice
cold PBS and then snap frozen with liquid nitrogen and stored at
−80 °C. Nuclei from 500 embryos were extracted, resuspended and
sonicated to yield chromatin fragments between 300 to 800 bp. The
resultant solution was mixed with rabbit polyclonal anti-V5 antibody
(ab15828, Abcam, Cambridge, UK) bound to protein-G coupled
Dynabeads (Invitrogen, Carlsbad, USA) for pre-clearing before
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respectively, Abcam) bound to protein-G coupled Dynabeads for
chromatin pull-down. The beads were subjected to 8×2-min washes
with RIPA buffer (50 mM Hepes (pH 7.6), 1 mM EDTA, 0.7% DOC, 1%
IGEPAL and 0.5 M LiCl). Immunoprecipitated chromatin–protein
complexes were subjected to 2 elution steps — ﬁrst with 1 mg/ml
3× HA peptide solution (synthesized by 1st BASE, Singapore)
dissolved in 50 mM Tris–HCl pH 8.0, followed by incubation with
Elution buffer (50 mM Tris–HCl pH 8.0, 10 mM EDTA and 1% SDS) and
incubated at 65 °C for 15 min. Eluted samples were incubated at 65 °C
overnight to reverse the cross-links between chromatin and protein.
Following RNaseA and Proteinase K treatment (Roche, Basel, Switzer-
land), the chromatin was puriﬁed through phenol:chloroform:
isoamylalchol (25:24:1) extraction and precipitated with isopropanol
in the presence of 20 μg of glycogen and 0.3 M sodium acetate. The
precipitated DNA from the second elution was then ampliﬁed
through linker-mediated PCR and used for analysis. The ChIP
experiment was independently performed three times in order to
ensure consistency of results. The sequences of oligonucleotideFig. 1. Expression of Blimp1 protein precedes the onset of slow muscle differentiation. (A–C)
zebraﬁsh embryos labeled with GFP from the actin::gfp transgene. Blimp1 is expressed in th
protein expression recedes in the more anterior somites (D, E) and is stronger in the newly fo
(red) and Prox1 (green) reveals reduced levels of Blimp1 in anterior somites (G, H) where Pro
somites (I), where Blimp1 is strongest. (J) Adaxial expression of Blimp1 (red) in a wild-ty
expression from the shh::gfp transgene). (K) Ectopic expression of Blimp1 is induced throug
dominant negative Protein Kinase A mis-expression in a 14 hpf wild-type embryo. (L) Blimp1
panels A, J–L were stained with DAPI (blue). In panels A–C and J–L, “N”marks the position of t
embryos; panels D–I show laterally mounted embryos. In this and subsequent ﬁgures, all la
embryos depicted in transverse sections. Scale bars=25 μm. The scale bar in B applies to C;primers used for the detection of mylz2 promoter regions bound by
Blimp1 are as follows:
mylz2_I_F 5′-AGTCTAAAGGGGACGCAACTC-3′
mylz2_I_R 5′-CTTGAACCGAAATCTTACAGCA-3′
mylz2_II_F 5′-TGTAAGATTTCGGTTCAAGTGC-3′
mylz2_II_R 5′-TCTTCATGAGGGTCCAACATC-3′
mylz2_III_F 5′-TCACCCACAGCTGTTCCTTAT-3′
mylz2_III_R 5′-CATGCCCATATTCAGCACTCT-3′
mylz2_IV_F 5′-GAGTTGCGTCCCCTTTAGACT-3′
mylz2_IV_R 5′-TGAGGTTTGGGAAATAGCAGA-3′.
Primer sequences for the β-actin1 gene used as a control are as
follows:
β-actin1_I_F 5′-CCTTGAAGCCATTAGCCTAGC-3′
β-actin1_I_R 5′-CAAAGCAGGGGATACAAAACA-3′
β-actin1_II_F 5′-TCTGCAGCTTTACATCCATGA-3′
β-actin1_II_R 5′-TTGACAGCTAGTTGAAAACGACTC-3′.Blimp1 (red) is expressed and localized in the nuclei of adaxial cells (arrows) of 14 hpf
e adaxial cell of the somites (B) as well as the presomitic mesoderm (C). (D–F) Blimp1
rmed posterior somites (F) in 18 hpf wild-type embryos. (G–I) Double staining of Blimp1
x1 is highly expressed, while Prox1 is barely detectable in slowmuscle cells of posterior
pe 14 hpf embryo immediately adjacent to the notochord (green, highlighted by GFP
hout the somites by constitutive activation of the Hh signaling pathway in response to
expression is absent in a 14 hpf smomutant embryo deﬁcient in Hh signaling. Nuclei in
he notochord. Panel A depicts transverse section; panels B, C and J–L depict ﬂat mounted
terally and ﬂat mounted embryos are oriented anterior to the left; dorsal is on top for
the scale bar in G applies to D–I and the scale bar in J applies to K and L.
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Whole-mount antibody staining on zebraﬁsh embryos was
performed according to published methods. MAb F59 (1:10 super-
natant) strongly labels zebraﬁsh slow MyHC (Devoto et al., 1996),
mAb A4.1025 (1:20 supernatant) recognizes all MyHC isoforms
(Blagden et al., 1997), whereas mAb F310 (1:20 supernatant) reacts
with a fast myosin light chain (Hamade et al., 2006). All of these
antibodies were purchased from Developmental Studies Hybridoma
Bank (University of Iowa, USA). A rabbit polyclonal anti-Prox1
(AB5475) antibody was purchased from Chemicon International
(Billerica, USA) and used at a ﬁnal concentration of 1:5000. A
recombinant protein consisting of the fusion of amino acid residues
90–309 of zebraﬁsh Blimp1 with GST was injected into rats and a
polyclonal antibody against Blimp1 was obtained by afﬁnity puriﬁca-
tion of the serum. Alexa555-conjugated goat anti-rabbit and
Alexa488-conjugated goat anti-mouse secondary antibodies were
purchased from Invitrogen (Carlsbad, USA) and used at 1:500
dilutions. The anti-rat-Cy3 antibody was purchased from JacksonFig. 2. Induction of blimp1 expression by Hh signaling in presumptive slowmuscle precursor
MyHC in a 24 hpf wild-type embryo. (B) MAb A4.1025 staining of a myoD; myf5 double mor
n=20/20). (C, D)myoD;myf5 double morphant embryos retain functional Hh signaling as dem
n=16/16) in adaxial cells. (E, H) Wild-type embryos showing blimp1 expression in the adaxia
absent from the adaxial cells of a smo mutant embryo. (G, I) blimp1 expression is speciﬁcal
neuro-ectodermal border (arrows, n=23/23). Panels A and B depict lateral views; C–I depict
Scale bars=25 μm in A and C, and 100 μm in E. The scale bar in A applies to B; the scale barImmunoResearch Laboratories (West Grove, USA) was used at 1:200
dilution. For histochemical staining, the Vectastain Elite kit (Vector
Laboratories, Burlingame, USA) was used.
Whole-mount in situ hybridization
In situ hybridization on zebraﬁsh embryos was performed based on
standard protocols using previously described probes for the follow-
ing genes: smyhc1 (Bryson-Richardson et al., 2005), slow troponin C
(Xu et al., 2006), blimp1 (Baxendale et al., 2004), myoD (Weinberg et
al., 1996) and ptc1 (Concordet et al., 1996). The fragments for slow-
speciﬁc myosin light chain (zgc:66286) and the mylz2 3′UTR were
ampliﬁed by PCR from a zebraﬁsh embryonic cDNA library with the
following primers and used to generate an RNA probe:
zgc:66286_F 5′-CAGATTGAATTCACCGCTGAGCAG-3′
zgc:66286_R 5′-TCAGCCAGCCATGATGTGCTTTAC-3′
mylz2-UTR_F 5′-GAATCAAGAAAACGAAGAGAAG-3′
mylz2-UTR_R 5′-TTAGTCAACCACCAGAGGAGG-3′.s requires their prior commitment to the myogenic fate. (A) MAb A4.1025 staining for all
phant embryo showing few differentiated muscles within the somites at 24 hpf (arrow,
onstrated by normal expression of the Hh target genes ptc1 (C, n=16/16) andmyoD (D,
l cells (arrowheads) and the neuro-ectodermal border (arrows). (F) blimp1 expression is
ly lost from adaxial cells in myoD; myf5 morphants while it appears unaffected in the
dorsal views of 11 hpf embryos. C, D, H, I depict ﬂat mounts; E–G depict whole mounts.
in C applies to D, H and I and the scale bar in E applies to F and G.
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Slow ﬁber numbers in control heat-shocked wild-type embryos and
in those that mis-expressed Blimp1 at different developmental stages
were estimated by counting the number of Prox1 and slow MyHC-
positive ﬁbers in their somites. Hemi-somites 5–11 were counted in 12
individual embryos for each experimental category. Mean values (along
with associated standard errors) are depicted in Figs. 3H–J.Fig. 3. Competence of somitic myoblasts to respond to Blimp1 and adopt the slow fate chang
the myotome in a heat induced Tg(hs::blimp1) transgenic embryo. (B) Slow muscle ﬁbers i
denotes somite 7. (C) 24 hpf Tg(hs::blimp1) embryo that received a heat pulse at 14 hpf sho
shown in green and Prox1 in red. (D) Expression of smyhc1mRNA (green) and fast myosin li
Blimp1 expression in Tg(hs::blimp1) embryos at 14 hpf results in an increase in the number of
In panels D and E, nuclear staining with DAPI is shown in blue and position of the notochord
signiﬁcant differences in the number of slow ﬁbers (slowMyHC, green; Prox1, red) compared
ectopically induced in multi-nucleated fast ﬁbers (expressing fast myosin light chain, cyan)
somites 5–11 of Tg(hs::blimp1) embryos were scored and presented as bar charts for blimp1
number of slow ﬁbers in somites 5–7 with induction of blimp1 at 10 hpf (pb0.05, n=12). Mo
increase in the number of slow ﬁbers (pb0.01, n=12). Induction of blimp1 at 18 hpf did not re
the standard error of mean (S.E.M), ⁎⁎ represents pb0.01 and ⁎ represents pb0.05). Pane
bars=25 μm. The scale bar in A applies to B, C, F and G and the scale bar in D applies to E.Microscopy, image processing and statistical analysis
Light microscope images were captured with a Nikon DXM1200
digital camera mounted on a Zeiss Axioplan 2 compound microscope.
Fluorescence microscopy was performed with a Zeiss LSM 510
confocal microscope. Images were assembled into ﬁgures using
Adobe Photoshop CS3. In all experiments a minimum of 25 embryos
were analyzed to draw conclusions, unless otherwise stated. Two-wayes as a function of time. (A) High level of Blimp1 protein expression (arrows) throughout
n an uninduced 24 hpf Tg(hs::blimp1) embryo is indistinguishable from wild-type. S7
wing supernumerary slow muscle ﬁbers (cf. panel B). In panels B and C, Slow MyHC is
ght chain protein (red) in an uninduced Tg(hs::blimp1) embryo. (E) Induction of ectopic
slowmuscle ﬁbers (smyhc1 expression, green) at the expense of fast muscle ﬁbers (red).
marked with “N”. (F) Late induction of the blimp1 transgene (at 18 hpf) did not result in
to an untreated embryo (cf. panel B). (G) The slowmuscle marker Prox1 (red, arrows) is
by induction of the blimp1 transgene at 18 hpf. (H–J) Numbers of slow muscle ﬁbers in
induction at 10 hpf (H), 14 hpf (I) and 18 hpf (J). There are signiﬁcant differences in the
re myoblasts were responsive to Blimp1 activity at 14 hpf resulting in a more signiﬁcant
sult in signiﬁcant changes in the number of slow ﬁbers (n=15). The error bars represent
ls A–C, F, and G depict lateral views; panels D and E depict transverse sections. Scale
231H.P. Liew et al. / Developmental Biology 324 (2008) 226–235ANOVA analysis was performed with Graphpad Prism4 software to
calculate p-values.
Results
Expression of Blimp1 protein precedes the onset of slow
muscle differentiation
We have previously shown that the expression of blimp1 mRNA
accumulates in the progenitors of the slow muscle cells from the end
of gastrulation (9–10 h post-fertilization (hpf)) (Baxendale et al.,
2004). This expression is transient, with levels of blimp1 decreasing
rapidly in the more mature anterior somites at 18 hpf as the slow
muscle cells initiate their radial migration. blimp1 expression is
completely eliminated from the differentiated slow ﬁbers by 24 hpf. To
examine the dynamics of Blimp1 protein expression during slow
myogenesis, and to compare it with the expression pattern of its
mRNA, we raised a polyclonal antibody against an N-terminal
fragment of the protein. Like blimp1 mRNA, we observed Blimp1
protein expression in the adaxial cells at the same time that the mRNA
is detectable in these cells. By 12 hpf, when approximately 5–6
somites have formed, prominent nuclear localized Blimp1 protein is
detectable in the slow muscle precursors in the somitic region as well
as in the adaxial cells of the presomitic mesoderm (Figs. 1A–C). At
18 hpf the levels of Blimp1 protein begin to decline from the
differentiating slow ﬁbers in the anterior somites (Fig. 1D). However,
slow ﬁbers in the more posterior somites and the outgrowing tail bud
continue to express substantial levels of the protein (Figs. 1E, F). We
have demonstrated earlier that the pan slow lineage-speciﬁc
differentiation markers slow MyHC and the homeodomain protein
Prox1 are activated sequentially in differentiating slow muscle cells,
with the expression of slow MyHC preceding the onset of Prox1.
Staining zebraﬁsh embryos with anti-Prox1 and anti-Blimp1 anti-
bodies revealed that the two proteins are co-expressed only in the
slow muscle precursors in the more anterior somites (Figs. 1G–I),
indicating that Prox1 expression is turned on after these cells have
expressed the Blimp1 protein. Likewise, since slow MyHC expression
is ﬁrst observed in slowmyoblasts around 12 hpf (Roy et al., 2001), we
conclude that Blimp1 is the ﬁrst lineage-speciﬁc marker to be
activated in the slow myoblasts, well before the establishment of
slow muscle-speciﬁc differentiation gene expression.
Induction of blimp1 expression by Hh signaling in presumptive slow
muscle precursors requires their prior commitment to the myogenic fate
The current model of the regulation of blimp1 expression in slow
muscle precursors is that the gene is a target of Hh signaling (Roy et al.,
2001; Baxendale et al., 2004). This notion is supported by the inability
of embryos defective in Hh signaling to activate blimp1 transcription
in the adaxial cells, and the ectopic expression of blimp1 that ensues in
all somitic myoblasts upon ectopic activation of the Hh pathway.
Consistent with this, we also found that the expression of the Blimp1
protein in the slow muscle precursors responds in a similar fashion to
the loss and gain of Hh function (Figs. 1J–L). However, the fact that Hh
activity is only capable of inducing blimp1 expression in somitic
myoblasts but not elsewhere in the embryo (Baxendale et al., 2004),
even when the signaling pathway is ubiquitously activated, suggests
that the cell context is important. We hypothesized that Hh can only
induce blimp1 expression in the somitic cells after they have been
committed to the myogenic fate. To examine this further, we
monitored the transcription of blimp1 in embryos injected with
antisense morpholino oligonucleotides against myoD andmyf5, genes
whose activities are essential for cells to commit to the myogenic fate.
Like MyoD and Myf5 double mutant mice, which almost completely
lack skeletal muscle precursors (Rudnicki et al., 1993),myoD andmyf5
morphant zebraﬁsh embryos also show very little differentiatedmuscle within their somites (Figs. 2A, B; see also Hammond et al.,
2007; Maves et al., 2007). The expression of the universal Hh target
gene patched1 (ptc1), which is activated in the adaxial slow muscle
precursors of wild-type embryos (Concordet et al., 1996), appeared to
be unaffected in the morphants (Fig. 2C), indicating that transduction
of the Hh signal is not compromised in the absence of MyoD andMyf5
function. Moreover, the adaxial cells also express wild-type levels of
the myoD transcript (Fig. 2D), verifying the ability of antisense
morpholinos to block protein expression while leaving levels of the
target mRNAs unaffected. The expression of blimp1, however, was
never observed in the adaxial cells of themorphant embryos (Figs. 2E–
I), conﬁrming the view that somitic mesodermal cells must ﬁrst be
committed to myogenesis before they can initiate blimp1 expression
in response to Hh activity.
The competence of somitic myoblasts to respond to Blimp1 and adopt the
slow-twitch fate changes as a function of developmental time
We have generated a stable transgenic zebraﬁsh strain that carries
a transgene with a heat-inducible promoter driving the expression of
the zebraﬁsh blimp1 cDNA (hs::blimp1). When transgenic embryos
were exposed to heat shock, high levels of Blimp1 protein were
observed ubiquitously in the embryos (Fig. 3A). Using this temporal
control of the expression of ectopic Blimp1, we assessed whether the
ability of somitic cells to respond to the protein and activate the slow
myogenic program changed with developmental time, and if so, to
what extent. Since the process of somitogenesis progresses in an
anterior to posterior direction over a period of 14 h, we decided to
monitor the effect of ectopic Blimp1 on somites 5 to 11. We found that
early induction of the transgene, at 10 hpf, resulted in a marginal
increase in the numbers of slow-twitch ﬁbers as assayed by the
expression of deﬁnitive differentiation markers of the slow lineage,
slow MyHC and Prox1 (Fig. 3H, and data not shown). In contrast,
induction of the transgene at 14 hpf resulted in an almost complete
transformation of themyotome to the slow fate, at the expense of fast-
twitch muscles (Figs. 3B–E, I). Thus, the cells that had responded to
ectopic Blimp1 and formed the supernumerary slow muscles must
have been drawn from the pool of fast muscle precursors. With a later
heat shock, at 18 hpf, we observed no supernumerary slow ﬁbers in
comparison to heat-shocked non-transgenic control siblings (Figs. 3F,
J); consistent with this lack of increase in slow muscles, a substantial
number of fast-twitch muscles still differentiate in these embryos.
Closer inspection revealed that although these fast ﬁbers are multi-
nucleate like wild-type fast muscles and express fast muscle-speciﬁc
differentiation genes, intriguingly, they also express a slow marker,
the Prox1 homeodomain protein, in their nuclei (Fig. 3G). However,
expression of slow MyHC was not detectable in these cells (data not
shown). Collectively, these results establish that as the fast muscle
precursors proceed through the myogenic pathway, their competence
to respond to Blimp1 activity and initiate the slow muscle-speciﬁc
program is gradually attained, and then progressively lost.
Mammalian Blimp1 can induce slow myogenesis in zebraﬁsh embryos
deﬁcient in endogenous blimp1 activity
Although our previous work and the current analysis, together,
ﬁrmly establish that Blimp1 is a master regulator of slow muscle
differentiation, it is presently unclear how the transcriptional activity
of the protein actually regulates the slow-speciﬁc myogenic program.
We wanted to know whether Blimp1 functions as a transcriptional
activator or repressor (or a combination of both) in this context, and
the target genes that are subject to its regulation. There is a large body
of evidence that during B-cell maturation as well as during germ cell
speciﬁcation, mammalian Blimp1 functions as a transcriptional
repressor (Calame et al., 2003; Hayashi et al., 2007). The consensus
sequence that is recognized by the mouse protein has been
Fig. 4.Mammalian Blimp1 protein can rescue slowmyogenesis in zebraﬁsh embryos that lack endogenous Blimp1 activity. (A) A smo embryo showing lack all slowmuscle ﬁbers. (B)
An ubo embryo with a few residual slow MyHC-positive cells (green, arrow). These cells are not properly differentiated slow muscle ﬁbers, as they do not express Prox1 (red). (C, D)
Expression of mammalian Blimp1 from a heat-inducible promoter can rescue slowmuscle development in both smo (C) and ubo embryos (D). All panels depict lateral views of 24 hpf
embryos stained with mAb F59 (green) and anti-Prox1 (red). Scale bar=25 μm. The scale bar in A applies to B–D.
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genes have now been identiﬁed (for example, see Lin et al., 1997; Lin et
al., 2002; Ancelin et al., 2006). To understand the molecular basis of
slow muscle speciﬁcation by Blimp1 in zebraﬁsh, we investigated
whether the mouse Blimp1 protein could organize slow muscle
development in zebraﬁsh embryos deﬁcient for endogenous Blimp1
activity. Using transient transgenesis, we expressed mouse Blimp1
from a heat-inducible promoter in ubo mutant embryos and in
embryos homozygous for a null allele of the smoothened (smo) gene.
The transmembrane protein Smo is essential for intracellular
transduction of the Hh signal (Chen et al., 2001; Varga et al., 2001).
Zebraﬁsh embryos mutant for smo are unable to induce blimp1
expression in their presumptive slow muscle precursors and, conse-
quently, entirely lack the slow muscle lineage (Fig. 2F; see also
(Baxendale et al., 2004). In both ubo and smo mutant embryos, the
provision of mouse Blimp1 with a heat shock at 14 hpf efﬁciently
restored slow-twitch muscle cells within the myotome (Fig. 4). Like
slow ﬁbers in wild-type embryos, the mouse Blimp1 induced slow
ﬁbers in the ubo and smomutants were mononucleate, and expressed
the deﬁnitive slow lineage markers slow MyHC and Prox1. Based on
the ability of mouse Blimp1 to substitute for zebraﬁsh Blimp1 in slow
muscle speciﬁcation, we conclude that the two proteins share similar
DNA binding sequences, and that these motifs must be utilized for the
regulation of all of the Blimp1 target genes that are relevant for slow
myogenesis.
Blimp1 directly represses the expression of fast muscle-speciﬁc myosin
light chain through conserved binding sites located within the promoter
In our earlier analysis of the cellular phenotype of the aberrantly
speciﬁed slow muscle precursors in ubo mutants, we showed that
these cells transiently express slow MyHC, but failed to maintain it.
These mutant slow precursors also never express Prox1, and
ultimately acquire the fast-twitch identity as revealed by the
inappropriate expression a fast muscle-speciﬁc MyHC and their fusion
to form syncytial ﬁbers (Roy et al., 2001). In a recently completed
screen for new targets of the Hh signaling pathway (Xu et al., 2006),
we identiﬁed two additional deﬁnitive marker genes of the slow
muscle lineage — slow muscle-speciﬁc troponin-c and a slow muscle
myosin light chain (zgc:66286). Like smyhc and prox1, the expression
of these novel slowmuscle-speciﬁc genes are dramatically reduced or
completely absent from the myotome of ubo mutant embryos (Figs.5A–H). We also found that similar to fast MyHC reported previously
(Roy et al., 2001), another fast muscle gene, fast muscle-speciﬁc
myosin light chain (mylz2) (Xu et al., 2000), as well as a fast muscle-
speciﬁc myosin light chain protein that is recognized by the
monoclonal antibody F310 (Hamade et al., 2006), is inappropriately
expressed in the misfated slow muscle cells of embryos deﬁcient in
Blimp1 activity (Figs. 5I–L). Among all of the slow and fast muscle-
speciﬁc genes that have been identiﬁed thus far, the regulatory
sequence elements necessary for cell-type speciﬁc expression have
been delineated only for mylz2, which spans approximately 1.9 kb
upstream of the transcription start site of the gene (Ju et al., 2003).
Inspection of this promoter element identiﬁed multiple putative
Blimp1 binding sites. To adduce evidence for the regulation of the
mylz2 promoter by Blimp1, we performed ChIP with extracts from
embryos that overexpressed Blimp1 from the hs-blimp1HA transgene
(see Materials and methods). We subjected the immunoprecipitated
DNA to PCR analysis using primer pairs that tiled themylz2 promoter.
Using this assay, we demonstrated speciﬁc binding of Blimp1 to
regions in the promoter that harbor putative Blimp1 binding sites (Fig.
6). Thus, we conclude that Blimp1 directly acts on the promoter of
mylz2 to repress the expression of this gene in muscle precursors
committed to the slow-twitch fate.
Discussion
The classiﬁcation of vertebrate skeletal muscles into slow- and
fast-twitch ﬁber-types dates back to the age of early histologists and
anatomists, who had recognized that mammalian muscles typically
comprise different proportions of red and white color ﬁbers. The red
ﬁbers, which contain more myoglobin (hence the redness) and
contract in a slow and sustained manner, came to be known as
slow-twitch ﬁbers, to distinguish them from the paler variety, the fast-
twitch ﬁbers, which have little myoglobin and contract at faster
speeds. The slow ﬁbers are also very rich in mitochondria and
oxidative enzymes, which enable them to metabolize aerobically and
therefore, are more resistant to fatigue than fast-twitch ﬁbers. By
contrast, fast ﬁbers have comparatively fewer mitochondria and
substantially lower levels of oxidative enzymes. They utilize the
glycolytic pathway for energy production, which makes them easily
susceptible to fatigue. Intriguingly, adult skeletal muscles can undergo
ﬁber-type conversion in response to motor neuron activity as well as
exercise; consequently, muscle ﬁber-type plasticity has received a
Fig. 5. Loss of Blimp1 activity results in mis-regulation of slow as well as fast muscle genes in the precursors of the slow muscle lineage. (A, B) Expression of slow troponin-c in slow
muscles of 24 hpf wild-type embryos. In B, staining in the superﬁcial slow muscle layer is visible (arrow). (C, D) Expression of slow troponin-c is lost in 24 hpf ubo embryos. (E, F)
Expression of slow myosin light chain in slow muscles of wild-type 24 hpf embryos. In (F) staining in the superﬁcial slow muscle layer is visible (arrow). (G, H) Expression of slow
myosin light chain is lost in 24 hpf ubo embryos. (I) mylz2 is not expressed in the adaxial cells of a 14 hpf wild-type embryo. (J) mylz2 is ectopically expressed in the adaxial cells of a
blimp1morphant embryo (arrowheads, n=25/25). (K) Fast myosin light chain (green, detected with mAb F310) is normally expressed exclusively in fast muscle precursors in a 16 hpf
wild-type embryo (arrow) and is absent from adaxial cells (arrowheads). (L) Fast myosin light chain protein is ectopically expressed at high levels in adaxial cells of a 16 hpf ubo
embryo (arrowheads). Expression in fast muscle precursors is indicated (arrow). In K and L, “N”marks the position of the notochord. Panels A, C, E and G depict lateral views; panels B,
D, F and H depict transverse sections; panels I–L show dorsal ﬂat mounts. Scale bars=25 μm. The scale bar in A is applicable for C, E and G, the scale bar in B applies to D, F and H. The
scale bar in I is applicable in J and the scale bar in K is applicable in L.
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studies with mice have now begun to provide us with relevant
insights into the molecular mechanisms that mediate ﬁber-type
plasticity (Bassel-Duby and Olson, 2006). It is currently believed that a
calcium signaling pathway, involving calcineurin, calmodulin-depen-
dent kinase, the transcriptional cofactor peroxisome proliferator-
activated receptor-gamma coactivator 1α (PGC-1α) and the transcrip-Fig. 6. ChIP analysis reveals that Blimp1 binds to the promoter of the mylz2 gene. (A) The m
direction indicates orientation) based on variations of the mouse Blimp1 consensus bindin
arrow). Positions of PCR primers designed to test for Blimp1 binding are indicated (r
immunoprecipitation with anti-HA antibodies or anti-GFP antibodies (negative control). Seqtion factor peroxisome proliferator-activated receptor (PPAR) δ,
controls many of the required changes in gene activity that underlie
the conversion to a slow ﬁber fate.
Despite all of this information on the generation of ﬁber-type
diversity in the adult, much less is known about muscle ﬁber-type
speciﬁcation during myogenesis in the embryo. Generally speaking,
there are two broad strategies, one intrinsic and the other extrinsic,ylz2 gene promoter region contains six putative Blimp1 binding sites (red arrowheads,
g sequence. Numbers indicate base pairs relative to the transcription start site (black
ed bars, mylz2 I–IV). (B) PCR analysis of chromatin before ChIP (Input), and after
uences near the β-actin1 gene served as a control for non-speciﬁc ChIP (β-actin I, II).
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of distinct cell lineages from a common pool of precursors. In the
intrinsic mode, segregation of cell fate determinants asymmetrically
to one daughter cell, for example during neuroblast divisions in the
developing nervous system of Drosophila, confers distinct neuronal
identity to the progeny (Wodarz, 2005). On the other hand, in the
extrinsic mode, as exempliﬁed by neuronal cell fate allocation in the
ventral neural tube of vertebrate embryos, exposure to varying
concentrations of the secreted extracellular morphogen Sonic Hh, is
instrumental for the induction of distinct neuronal fates (Briscoe and
Ericson, 2001). In a series of earlier studies, we and others have
demonstrated that this extrinsic paradigm of cell fate determination
operates in the induction of muscle cell lineages within the myotome
of the zebraﬁsh embryo (reviewed in Ingham and Kim, 2005; Ochi and
Westerﬁeld, 2007). Here, both the concentration of Hh ligands and
their duration and timing of exposure are critical for the speciﬁcation
of multiple kinds of muscle cell-types. The simplest among these
inductive interactions is the acquisition of the slow-twitch muscle
ﬁber fate, and this appears to proceed through the Hh-dependent
expression of a transcriptional regulator, Blimp1, in the precursors of
the slow muscle cells. In the absence of Blimp1 activity, the
presumptive slow muscle cells do not properly execute the slow
muscle-speciﬁc differentiation program. Instead, these cells become
misfated to mature into fast-twitch ﬁbers.
We have now investigated the mechanism by which Blimp1
speciﬁes slow-twitch muscle ﬁbers in the zebraﬁsh embryo. We have
shown that the accumulation of the Blimp1 protein in prospective
slowmyoblasts is transient, and rapidly disappears as these cells begin
to differentiate. This brief period of Blimp1 expression in slow muscle
cells is consistent with the ability of the protein to function as an
epigenetic switch, whereby transient exposure of target promoters to
the transcription factor is adequate for instituting stable changes in
gene expression through induction of chromatin modiﬁcation. We
have also discovered that the adaxial cell-speciﬁc expression of blimp1
in response to Hh signaling can only occur after these cells have
become myogenically committed. This context-dependent activation
of blimp1 by Hh indicates that the regulation of the blimp1 gene is
likely to be under the combinatorial control of both Hh signaling
(through the activity of the Gli proteins) and the myogenic lineage
determining factors — MyoD and Myf5. These data provide a genetic
viewpoint of how a single signal (i.e. Hh) can be used reiteratively for
the speciﬁcation of cell-types within various tissues through the
activation of distinct target genes in each lineage in collaborationwith
lineage-speciﬁc co-factors. In our earlier study (Baxendale et al.,
2004), we proposed that Blimp1 is not just necessary for slow muscle
development, but it has the attributes of a “master regulator” in that
its activity is sufﬁcient for the speciﬁcation of slow muscle fate. This
conclusionwas based on the ﬁnding that ectopic expression of Blimp1
in wild-type embryos through transient transgenesis leads to the
formation of supernumerary slow ﬁbers. Furthermore, when Blimp1
was expressed using the same strategy in the Hh signaling defective
smo mutant embryos, the development of the slow muscle cells was
restored. However, these experiments did not clearly establish
whether Blimp1 can reprogram the fate of myoblasts that would
otherwise form fast muscle ﬁbers to that of the slow-twitch type —
which is required if Blimp1 functions as a genuinemaster regulator. By
providing ectopic Blimp1 activity to the presumptive fast muscle
precursors at distinct time points during development with a stable
inducible transgene, we determined that these cells have a temporal
window to respond to Blimp1 and fully convert to the slow fate. As is
expected for fate conversion, the formation of large numbers of
supernumerary slow ﬁbers in this situation was associated with a
concomitant loss of fast-twitch ﬁbers from the myotome. In addition
to slow Myhc and Prox1, we found that these ectopic Blimp1-induced
slow ﬁbers also expressed the slow troponin-c and the slow myosin
light chain genes, suggesting that they are bona ﬁde slow-twitchmuscles (data not shown). Thus, blimp1 can indeed function as a
genuine selector gene for the execution of the slow muscle-speciﬁc
developmental program in myogenically competent cells.
There is evidence that during B-cell development as well as germ
cell speciﬁcation, transcriptional silencing of target genes by Blimp1 is
mediated by the recruitment of histone modifying enzymes (deace-
tylase and methyl transferases) to target promoters (Yu et al., 2000;
Gyory et al., 2004; Ancelin et al., 2006) or through the engagement of
the Groucho family of transcriptional co-repressors (Ren et al., 1999).
Our ﬁnding that mouse Blimp1 can fully substitute for zebraﬁsh
Blimp1 in the induction of the slow-twitch muscle development
program strongly supports the notion that the mechanism of
transcriptional regulation and the DNA recognition sequence in target
promoters are conserved between the two proteins. Indeed, we have
been able to show that the repression of a fast muscle myosin light
chain gene, mylz2, occurs through the direct biding of zebraﬁsh
Blimp1 to the regulatory elements ofmylz2 that bears Blimp1 binding
sites. Based on this ﬁnding, we propose that one way by which Blimp1
promotes slowmuscle development is by directly repressing multiple
fast muscle-speciﬁc genes, thereby suppressing the fast muscle
development program in the prospective slow muscle precursors.
How then does Blimp1 activity ensure the proper activation of the
slow muscle-speciﬁc genes? One possible scenario is that Blimp1
represses the expression of a transcriptional repressor for slowmuscle
development in the precursors of the slow muscles. Such a view is
supported by the recent work of von Hofsten et al. (2008), published
while this paper was in review, which shows that Blimp1-dependent
repression of sox6, which encodes a Sry-related HMG box-containing
transcription factor, is necessary for proper slow ﬁber differentiation.
Attenuation of Sox6 activity alone, however, is not sufﬁcient to
completely restore slow ﬁber formation in blimp1 mutants. Further-
more, unlike the effect of ectopic Blimp1 reported here, loss of Sox6 is
unable to fully institute the slow-twitch differentiation program in
precursors of the fast-twitch lineage. This indicates that the repression
of sox6 is not the only, but rather just one aspect of Blimp1 function in
the induction of the slow-twitch ﬁber fate. These data further suggest
that additional repressors of slow myogenesis are subject to repres-
sion by Blimp1. Alternatively, in addition to its repressive role, Blimp1
may also function as a transcriptional activator (perhaps in association
with speciﬁc transcriptional co-activators), and either directly or
indirectly switch on slow muscle-speciﬁc genes. In this context, it is
noteworthy that an assessment of genes targeted by Blimp1 during
slowmyogenesis using ChIP-chip failed to demonstrate direct binding
of Blimp1 to the regulatory elements of any of the slow muscle-
speciﬁc genes (von Hofsten et al., 2008). Moreover, although several
fast muscle-speciﬁc contractile protein genes ﬁgured among Blimp1
targets in this assay, surprisingly, sox6 was not identiﬁed. Thus, while
our present study together with the ﬁndings of von Hofsten et al.
(2008), clearly establishes that Blimp1 directly represses the expres-
sion of fast-twitch differentiation genes in slowmyoblasts, the precise
mechanism by which it promotes the expression of slow muscle-
speciﬁc genes remains unclear.
To what extent is the Blimp1-mediated regulation of slow muscle
cell-type speciﬁcation in the zebraﬁsh relevant to myogenesis in
mammals? Interestingly, expression of the mouse Blimp1 homolog
has been reported to occur transiently, in a restricted group of cells
within the developing myotome (Chang et al., 2002; Vincent et al.,
2005). This observation, in conjunctionwith the capacity of themouse
Blimp1 protein to induce slowmuscle ﬁbers in the zebraﬁshmyotome,
suggests that the role of Blimp1 in regulating slow muscle ﬁber fate
could indeed be conserved during mammalian muscle development.
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